Introduction
distributions. KaTie requires LHAPDF [32] for collinear PDFs and for the running coupling. Transverse momentum dependent PDFs (TMDPDFs) can be provided by TMDlib [15] , or as ASCII files containing hyper-rectangular grids which KaTie itself interpolates. A hadron-level process, for example pp → bb µ + µ − , is completely defined in a single input file, which must contain
• the list of desired partonic subprocesses, e.g.
• the identifier for the collinear PDF set in LHAPDF;
• the identifier for the TMDPDF set in TMDlib, or alternatively a list of grid files and the directory where they can be found;
• the value of the center-of-mass energy and a list of phase space cuts;
• the desired values of couplings and masses and widths of the particles involved;
• the desired interaction, e.g. both QCD and electroweak interactions for this example.
Running the program happens in two stages: in the first (short) stage, the phase space pre-sampler is optimized for each partonic sub-process separately. This stage is not parallelizable, but should in general be rather quick. The second stage is the actual event generation. This can easily be parallelized by running several instances of an executable with different random number seeds.
One-loop amplitudes
Tree-level amplitudes with off-shell gluons were defined in [8] by embedding the process into an on-shell scattering process with an auxiliary "flavor A" quark-antiquark pair instead of the off-shell gluon. The momenta p µ A , p µ A ′ of the auxiliary quarkantiquark pair add up to the desired momentum k µ = xp µ + k µ T for the off-shell gluon, where p µ is the momentum of one of the scattering hadrons. This can be achieved for example as follows:
where q µ is an arbitrary light-like momentum with p·q > 0, where q · k T = p · k T = 0, and where α = −β 2 k 2 T / Λ(p + q) 2 with β = 1/ 1 + 1 − x/Λ . With this choice, the momenta p A , p A ′ satisfy the desired relations
for any value of the parameter Λ. The amplitude with the off-shell gluon is obtained by taking Λ → ∞:
Here X stands for other particles in the partonic process, like gbbµ + µ − in the example of the previous section with only one off-shell gluon. This limit is rather straightforward for tree-level amplitudes, because they are just rational functions of the external momenta, and the limit boils down to the limit
for the auxiliary quark propagators. Taking this limit on the integrand of a one-loop amplitude with an auxiliary quark-antiquark pair would lead to linear denominators of the type 2p·K where K µ contains the loop integration momentum ℓ µ . Such loop denominators lead to divergencies that cannot straightforwardly be regulated with dimensional regularization. In [28] it was proposed to use Λ as the regulator, and perform (4) after the loop integration. Before the limit, all loop denominators are quadratic, and the loop integrals are well-defined within dimensional regularization. The divergencies eventually show up as powers of log Λ.
It turns out that some complications arise due to the non-commutativity of counting powers of Λ and performing the loop integral. Consequently, care has to be taken in identifying all non-vanishing contributions in the limit Λ → ∞. Furthermore, it is not a priori clear that there are no contributions that diverge linearly or worse with Λ. In [28] it is shown, however, that the divergencies show up as at most log 2 Λ, and that the powerful integrand methods for one-loop integrals [33, 34] can be applied to large extend to calculate the amplitudes.
